The thermal fatigue properties of Sn-1.2Ag-0.5Cu (in mass%) flip chip interconnect were improved by a small amount of nickel addition. The thermal fatigue resistance of Sn-xAg-0.5Cu flip chip interconnects was enhanced by addition of 0.05 mass%Ni, and Sn-1.2Ag-0.5Cu-0.05Ni had longer thermal fatigue life than Sn-1.2Ag-0.5Cu. Cracks developed near solder/chip interface for all the bumps tested. This crack propagation is mainly governed by the nature of the solders themselves because a strain concentrated area was similar for all the tested alloys independent of the chemical contents. From the microstructural observation, fracture in Sn-1.2Ag-0.5Cu-0.05Ni due to thermal strain was a mixed mode, both transgranular and intergranular. From SEM and TEM analyses, fine Ag 3 Sn and (Cu,Ni) 6 Sn 5 formed network around Sn grains in the initial microstructure of Sn-1.2Ag-0.5Cu-0.05Ni solder. Sn-1.2Ag-0.5Cu-0.05Ni solder joint suppressed coarsening of Sn grains even after thermal fatigue test. Namely, thermal fatigue properties of the Sn-1.2Ag-0.5Cu-0.05Ni solder joint is correlated to its microstructure, and the joint had longer fatigue life in spite of its lower silver content of 1.2 mass% due to both fine Sn matrix in the initial state and suppression of Sn grain coarsening even after thermal fatigue test.
Introduction
The use of lead-free solder balls for flip chips increases instead of the eutectic Sn-Pb balls from a viewpoint of the environmental friendly technology in electronics. 1) Many candidates for lead-free solders have been proposed from a requirement for material characteristics relevant to manufacturing, reliability and performance such as melting temperature, solderability, cost and long term reliability. Since Sn-xAg-Cu solders (x: 3 to 4 in mass%) are reported to have good reliability with lower melting points and good solderability, these solders are becoming major lead-free solder compositions for flip chip solders. [2] [3] [4] The solders need to act as both electrical and mechanical interconnections in the flip chip technology. When electronic devices are in operation, temperature cycles generate thermomechanical fatigue reacting with a substrate and a chip that have different coefficients of thermal expansion. Additionally, flip chip interconnects with smaller pitches are required to meet a demand for the higher density packages. Therefore, the thermal fatigue issue is becoming more severe for the flip chip interconnects.
It has been reported recently that the thermal 5) and isothermal fatigue properties 6) of Sn-xAg-0.5Cu (x ¼ 1, 2, 3 and 4 in mass%) flip chip interconnects are strongly correlated to silver content, and solder joints with higher silver content (x ¼ 3 and 4) have better fatigue resistance than those with lower one (x ¼ 1 and 2). However, solder alloys with lower silver content are required from the viewpoint of material cost because silver is one of the expensive resources. Hence, further study is required to find out an ideal composition of Sn-Ag-Cu solder with low silver content which has good thermal fatigue properties.
Recently, Kim et al. have reported that Sn-3Ag-0.5Cu with a small amount (0.1 mass%) of nickel reveals good mechanical properties using large size specimens (3 mm in width). 7) Even though both size and silver content are different, it can be also expected for solder bumps in several hundred diameters that an addition of a small amount of nickel into Sn-xAg-0.5Cu (x: 1 to 2) solders improve their mechanical properties. Kariya et al. have reported that Sn-1.2Ag-0.5Cu-0.05Ni joints have longer isothermal fatigue life than Sn-1.2Ag-0.5Cu alloy, 8) which predicts the good thermal fatigue resistance of this alloy.
In this study, the thermal fatigue properties of Sn-1.2Ag-0.5Cu (in mass%) flip chip interconnect were improved by a small amount of nickel addition.
Experimental

Chemical compositions of solder balls
Sn-1Ag-0.5Cu can save material cost most in Sn-xAg-0.5Cu (x ¼ 1, 2, 3 and 4) solders, while liquidus line of this alloy is the highest. From a viewpoint of industrial operation, lower liquidus line is required. According to DSC analysis (cooling rate: 5 K/min), liquidus line of Sn-1Ag-0.5Cu, Sn-1.2Ag-0.5Cu and Sn-3Ag-0.5Cu was about 477, 475 and 470 K, respectively. Liquidus line of Sn-1.2Ag-0.5Cu was lower than that of Sn-1Ag-0.5Cu even though that was still higher than 470 K. From a balance of material cost and liquidus line, the present study was carried out using solders with 1.2 mass%Ag, namely, Sn-1.2Ag-0.5Cu-0.05Ni and Sn-1.2Ag-0.5Cu solders were utilized in this paper. Moreover, Sn-3Ag-0.5Cu was also used for comparison. The chemical compositions of these three solders are shown in Table 1 . The initial diameter of these balls was 300 mm.
Preparation of flip chip
Flip chips consisted of a Si chip (8 mm by 8 mm and 0.4 mm thick) and a FR-4 substrate (50 mm by 50 mm and 0.7 mm thick) using the solder balls and a RMA flux. Ball arrangement of the flip chip interconnects was 240-pin with 450 mm pitch as shown in Fig. 1 . Electroless Ni-P (thickness: 3 mm) and electro Au (0.1 mm) were plated on the Cu electrodes of the substrates (Cu/Ni/Au). Surface of Al electrode (1 mm thick) on the Si chip was finished by 40 nm thick Cr, 500 nm thick Ni and 200 nm thick Au (Al/Cr/Ni/ Au).
All flip chip interconnects were prepared by a reflow treatment in a N 2 atmosphere with a peak temperature of 518 K. A temperature profile of the reflow treatment is shown in Fig. 2. 
Thermal cycle test and microstructural observation
The specimens were thermally cycled in an air atmosphere between 233 K and 398 K at a frequency of 2780 s per cycle up to 700 cycles. A detailed profile of the thermal cycles is shown in Fig. 3 . The thermal cycle was interrupted at arbitrary cycles, and the electrical resistances of 64 solder joints in the specimens were measured by a four terminal measurement technique. In this study, a failure of the solder joint was defined at a cycle when the electrical resistance of the solder joint was over 1 (ohm). A failure rate at a cycle, F, was determined by the following equation:
where n is the number of solder joints with failure. Solder joints were polished by three kinds of SiC papers (number: 120, 600 and 1200) and by three grades of diamonds pastes (6, 3 and 1 mm). Etching was carried out in hydrochloric vapor at room temperature for several seconds. Then, microstructures of the specimens were observed by an optical-microscope, a scanning electron microscope (SEM) and a transmission electron microscope (TEM). Intermetallic compounds were identified by electron diffraction patterns and by a energy dispersive X-ray analysis (EDX). Figure 4 shows (a) a shape of a Sn-1.2Ag-0.5Cu-0.05Ni solder bump just after the reflow treatment and bonded interfaces of (b) Si chip side and (c) substrate side observed by SEM. As shown in Fig. 4 (b), intermetallic compounds layer was formed between chip/solder bonded interface, and its thickness was from 1 to 2 mm. From EDX analysis, this layer consisted of Cu, Ni and Sn. As seen from Fig. 4 (c), intermetallic compounds layer was formed between solder/ Ni interface, and its thickness was also from 1 to 2 mm. From EDX analysis, this layer was also formed from Cu, Ni and Sn. Ho et al. have reported that (Cu,Ni) 6 Sn 5 layer forms between Sn-3.9Ag-xCu (x: 0 to 3 mass%) 9) solders and Cu/Ni/Au pads. The present results correspond to their report. Figure 5 shows SEM micrographs of the initial microstructure before the thermal fatigue test for (a) Sn-1.2Ag-0.5Cu-0.05Ni, (b) Sn-1.2Ag-0.5Cu and (c) Sn-3Ag-0.5Cu solder bumps. Their magnified micrographs are presented in Fig. 6 . It has been reported that Sn-Ag-Cu solder bumps consist of -Sn matrix, Ag 3 Sn and Cu 6 Sn 5 intermetallic compounds. [5] [6] [7] [8] As shown in Figs. 5 and 6, microstructures of these solder bumps consisted of matrix and a number of dispersoids. In order to indentify the matrix and these dispersoids, TEM analysis was carried out. Figure 7 shows (a) TEM micrographs for an initial microstructure of Sn- dispersoid was also identified in Sn-1.2Ag-0.5Cu and Sn3Ag-0.5Cu solders even though they had no nickel in the initial ball state. These results suggest that nickel diffused from bonded interfaces during the reflow treatment and replaced copper of Cu 6 Sn 5 . Size of (Cu,Ni) 6 Sn 5 in 3Ag was under 1 mm, while that in 1.2Ag was coarsened (several mm). even though size of (Cu,Ni) 6 Sn 5 dispersoids was different with solder composition. As shown in Figs. 5(c) and 6(c), Sn-3Ag-0.5Cu solder had fine dispersoids of Ag 3 Sn and (Cu,Ni) 6 Sn 5 (size: 0.2 mm), which suggests that both dispersoids in 3Ag precipitated finely during the reflow treatment because 3Ag is neareutectic composition in Sn-Ag-Cu alloy system. As seen from Figs. 5(c) and 6(c), these dispersoids formed network around Sn grains, and Sn grains were fine. On the other hand, Sn-1.2Ag-0.5Cu solder had fine Ag 3 Sn dispersoids of 0.1 mm, while (Cu,Ni) 6 Sn 5 was already coarsened even just after reflow treatment (Figs. 5(b) and 6(b) ), which suggests that (Cu,Ni) 6 Sn 5 precipitated before Ag 3 Sn did and coarsened during solidification. Because the number of both Ag 3 Sn and (Cu,Ni) 6 Sn 5 in 1.2Ag was smaller than that in 3Ag, they did not form network. Sn grains in 1.2Ag were coarser than those in 3Ag. Even though silver content was also low such as 1.2 mass%, Sn-1.2Ag-0.5Cu-0.05Ni solder had unique morphology: not only Ag 3 Sn but also (Cu,Ni) 6 Sn 5 was fine (size: 0.5 mm), and fine Ag 3 Sn and (Cu,Ni) 6 Sn 5 formed network around Sn grains as if (Cu,Ni) 6 Sn 5 compensated the small number of Ag 3 Sn as seen from Figs. 5(a) and 6(a). 1.2Ag with Ni had as fine Sn grains as 3Ag did in spite of lower silver content such as 1.2 mass%. Because 1.2Ag with Ni had fine (Cu,Ni) 6 Sn 5 inside of Sn grains, it is considered that these fine dispersoids acted as a nucleation site of Sn grains during solidification and resulted in grain refining of Sn.
Results and Discussion
Initial micrstructure
From these results, 1.2Ag with Ni had as fine Sn grains as 3Ag did in the initial microstructure. Because matrix with fine grains can be a fatigue resistance and it has been already reported that Sn-3Ag-0.5Cu solder bump has a good thermal fatigue resistance than Sn-1Ag-0.5Cu and Sn-2Ag-0.5Cu do, 5) 1.2Ag with Ni can be expected to reveal good thermal fatigue endurance. Figure 8 shows failure rate in the thermal fatigue test for Sn-1.2Ag-0.5Cu-0.05Ni and Sn-xAg-0.5Cu (x ¼ 1:2 and 3) solder joints. The failure rate increased with increasing thermal cycle as shown in Fig. 8 . It has been reported that solder joints with higher silver content (x ¼ 3 and 4) represent longer thermal fatigue lives compared to those with lower silver content (x ¼ 1 and 2). 5) From the comparison between 1.2Ag with Ni and 1.2Ag, the addition of a small amount of nickel (0.05 mass%) resulted in lower failure rate in the measured thermal cycle range.
Improvement of thermal fatigue life by addition of nickel
The most important parameter to characterize the thermal fatigue resistance is the number of cycles when the failure appeared for the first time in the test, N 0 . Figure 9 shows relationship between N 0 and silver contents for Sn-1.2Ag-0.5Cu-0.05Ni and Sn-xAg-0.5Cu (x: 1.2 and 3) solder joints together with that for Sn-xAg-0.5Cu (x: 1, 2 and 4) 5) for comparison. N 0 correlated to the silver content for Sn-xAg-0.5Cu solder joints, and N 0 increased with increasing silver content. Because 1.2Ag with Ni had higher N 0 in spite of lower silver content of 1.2 mass%, the thermal fatigue resistance of the Sn-xAg-0.5Cu flip chip interconnects was enhanced by addition of 0.05 mass%Ni. Figure 10 shows cross sectional micrographs of (a) Sn-1.2Ag-0.5Cu-0.05Ni, (b) Sn-1.2Ag-0.5Cu and (c) Sn-3Ag-0.5Cu solder bumps after 600 thermal cycles observed by optical-microscope. Inelastic strain occurs and concentrates by thermal strain that resulted from thermal expansion mismatches between materials of flip chip interconnects, and cracks initiate and propagate where inelastic strain concentrates in joints. In Fig. 10 , cracks developed near the solder/ chip interface for all the bumps tested. Namely, the crack propagation location did not correlate to the difference in the chemical composition of the solders.
Crack propagation location
It has been reported that the crack propagation behavior and thermal fatigue life in Sn-xAg-0.5Cu (x: 1, 2, 3 and 4) bumps may be mainly governed by the nature of solders themselves in spite that crack propagation is a result of both Sn-xAg-0.5Cu 5) Fig. 9 Relationship between the number of cycles when the failure appeared for the first time in the thermal fatigue test and silver contents for Sn-1.2Ag-0.5Cu-0.05Ni and Sn-xAg-0.5Cu (x: 1.2 and 3) solder joints together with that for Sn-xAg-0.5Cu (x: 1, 2 and 4) 5) for comparison.
Improvement on Thermal Fatigue Properties of Sn-1.2Ag-0.5Cu Flip Chip Interconnects by Nickel Additionnature of solders themselves and the state of strain in interconnects. 5) Because crack propagation location is similar both in Sn-1.2Ag-0.5Cu-0.05Ni and Sn-xAg-0.5Cu (x: 1.2 and 3) solder bumps, it is considered that the crack propagation behavior and thermal fatigue life in the tested bumps may be also governed by the nature of the solders themselves.
Kariya et al. have reported the isothermal fatigue properties of Sn-1.2Ag-0.5Cu-0.05Ni flip chip interconnects. 8) Figure 11 shows relationship between the plastic displacement range and the isothermal fatigue life for the flip chip interconnects with Sn-1.2Ag-0.5Cu-0.05Ni solders at 298 K together with those for Sn-xAg-0.5Cu (x ¼ 1:2 and 3). 8) As can be seen from Fig. 11, 1.2Ag with Ni reveals similar behavior as 3Ag, and has longer isothermal fatigue life than 1.2Ag solder in the measured displacement range. 8) Because plastic deformation in these interconnects mainly occurs in solders, difference in isothermal fatigue resistance shown in Fig. 11 reflects isothermal fatigue properties of solders themselves. Namely, 1.2Ag with Ni itself has good isothermal fatigue endurance than 1.2Ag. Figure 12 shows SEM micrographs of the microstructures near cracks after 600 cycles for (a) Sn-1.2Ag-0.5Cu-0.05Ni, (b) Sn-1.2Ag-0.5Cu and (c) Sn-3Ag-0.5Cu solder bumps. No significant creep cavities can be observed in these microstructures. It has been reported that the fracture due to thermal strain is a mixed mode, both transgranular and intergranular, independent of the silver content for Sn-xAg-0.5Cu (x ¼ 1, 2, 3 and 4) solder bumps. 5) Even though the fatigue crack in the 1.2Ag with Ni seems to propagate both within Sn grains and their grain boundaries in Fig. 12 , cross sectional observation is not enough to discuss crack path because there are several arguments in the literature where cracks propagate in Sn-Ag-Cu alloys. [10] [11] [12] For instance, Choi et al. have pointed out that cracks in a Sn-4Ag-0.5Cu solder propagates along Sn grain boundaries due to thermal cycling when the solder is joined to Cu lead. 10) On the other hand, Zhao et al. 11) and Kanchanomai et al. 12) have reported that mixed intergranular/transgranular cracks form by fatigue test at room temperature. In order to clarify the crack path of the present joints, further observation was carried out in the following. Figure 13 shows fracture surface of 1.2Ag with Ni solder bump removing a Si chip after 1000 thermal cycling. Because cracks perfectly propagated through the bump by 1000 cycles, the observed surface in Fig. 13 occurred by thermal fatigue. Both transgranular and intergranular fractures can be seen from Fig. 13 . Namely, 1.2Ag with Ni also had a mixed fracture mode, transgranular and intergranular. Figure 14 shows SEM micrographs of the microstructures around center area of solders after 600 cycles for (a) Sn-1.2Ag-0.5Cu-0.05Ni, (b) Sn-1.2Ag-0.5Cu and (c) Sn-3Ag-0.5Cu solder bumps. Their magnified micrographs are presented in Fig. 15 . As compared with Figs. 14 and 5, both Ag 3 Sn and (Cu,Ni) 6 Sn 5 coarsened after thermal cycling, and the number of these dispersoids decreased for 1.2Ag. On the other hand, 1.2Ag with Ni and 3Ag retained fine dispersoids even after the cycling. From comparison between Figs. 15 and 6, Sn grains drastically coarsened for 1.2Ag, while coarsening of Sn grain was not significant in both 1.2Ag with Ni and 3Ag. From these results, solders with longer fatigue lives suppressed coarsening of both dispersoids and Sn matrix, while coarser Sn matrix and dispersoids can be seen from solders with lower fatigue resistance. Zhao has pointed out that phase coarsening after aging treatment leads to fatigue crack growth in eutectic Sn-Pb alloy, 13) which supports the present results.
Fracture mode
Microstructure after thermal fatigue
Namely, thermal fatigue properties of Sn-1.2Ag-0.5Cu-0.05Ni solder joint is correlated to its microstructure, and the joint had longer fatigue life in spite of its lower silver content of 1.2 mass% because of fine Sn grains in initial microstructure and suppression of their coarsening even after thermal fatigue test. However, it is still uncertain why Cu 6 Sn 5 were dispersed finely only when nickel was added into initial solder balls, which is one of the important future works. 
Conclusions
(1) Fine Ag 3 Sn and (Cu,Ni) 6 Sn 5 formed network around Sn grains in the initial microstructure of Sn-1.2Ag-0.5Cu-0.05Ni solder.
(2) The thermal fatigue resistance of Sn-xAg-0.5Cu flip chip interconnects was enhanced by addition of 0.05 mass%Ni, and Sn-1.2Ag-0.5Cu-0.05Ni had longer thermal fatigue life than Sn-1.2Ag-0.5Cu. (3) Cracks developed near solder/chip interface for all the bumps tested. (4) Fracture in Sn-1.2Ag-0.5Cu-0.05Ni due to thermal strain was a mixed mode, both transgranular and intergranular. (5) Sn-1.2Ag-0.5Cu-0.05Ni solder joint suppressed coarsening of Sn grains even after thermal fatigue test.
